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To determine the interdependence of intracranial pressure (ICP) and intraocular pressure (IOP) and how it affects optic nerve 
pressures, eight normal dogs were examined using pressure-sensing probes implanted into the left ventricle, lumbar cistern, 
optic nerve subarachnoid space in the left eye, and anterior chamber in the left eye. This allowed ICP, lumbar cistern pressure 
(LCP), optic nerve subarachnoid space pressure (ONSP) and IOP to be simultaneously recorded. After establishing baseline 
pressure levels, pressure changes that resulted from lowering ICP (via shunting cerebrospinal fluid (CSF) from the ventricle) 
were recorded. At baseline, all examined pressures were different (ICP>LCP>ONSP), but correlated (P<0.001). As ICP was 
lowered during CSF shunting, IOP also dropped in a parallel time course so that the trans-lamina cribrosa gradient (TLPG) 
remained stable (ICP-IOP dependent zone). However, once ICP fell below a critical breakpoint, ICP and IOP became uncou-
pled and TLPG changed as ICP declined (ICP-IOP independent zone). The optic nerve pressure gradient (ONPG) and 
trans-optic nerve pressure gradient (TOPG) increased linearly as ICP decreased through both the ICP-IOP dependent and in-
dependent zones. We conclude that ICP and IOP are coupled in a specific pressure range, but when ICP drops below a critical 
point, IOP and ICP become uncoupled and TLPG increases. When ICP drops, a rise in the ONPG and TOPG creates more 
pressure and reduces CSF flow around the optic nerve. This change may play a role in the development and progression of 
various ophthalmic and neurological diseases, including glaucoma. 
glaucoma, optic neuropathy, trans-lamina cribrosa pressure gradient (TLPG), trans-optic canal pressure gradient 
(TCPG), trans-optic nerve pressure gradient (TOPG), optic nerve pressure gradient (ONPG) 
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INTRODUCTION 
Glaucomatous optic neuropathy that damages the retina or 
optic nerve may be a pathological response to altered physi-
ological pressure gradients created by both intraocular 
pressure (IOP) and intracranial pressure (ICP). Traditional-
ly, IOP is thought to primarily influence the optic nerve and 
that IOP elevation is the key issue in glaucoma. However, 
Berdahl et al. suggested that ICP might also be a critical 
factor for determining pressure on the optic nerve (Berdahl 
et al., 2008a, b; Ren et al., 2010). This theory is compatible 
with the experimental observation that lowering cerebro-
spinal fluid (CSF) pressure over the course of one year, via 
CSF shunting from the lumbar cistern to the abdomen, can 
lead to optic nerve damage in monkeys (Yang et al., 2014). 
Therefore, it is possible that glaucoma may be caused by 
high IOP, low ICP, or a combination of both. 
Exogenous pressure changes, other than endogenous 
pressure changes found in glaucoma, can also affect the 
optic nerve. For example, long-term exposure to a micro-
gravity environment may simultaneously elevate ICP and 
IOP and cause visual impairment (Mader et al., 2011; Woo 
et al., 2012). During this condition, ICP and IOP are altered 
together. Moreover, Wostyn et al. argued that Alzheimer’s 
disease (AD) shares some features with glaucoma in that 
both conditions lead to retinal ganglion cell death (Wostyn 
et al., 2008, 2010). Indeed, there is a higher incidence of 
normal tension glaucoma in patients with AD (Bach-Holm 
et al., 2012) and this link may provide some clues to possi-
ble links between ICP and IOP. Figure 1 summarizes some 
diseases associated with ICP and IOP, some of which are 
not traditionally regarded as separate illnesses. However, 
examining ICP and IOP status separately reveals that some 
conditions may very well be distinct. 
It is known that ICP and IOP influence optic nerve pres-
sure, but it is not known how these two pressures are relat-
ed. Here, we examine ICP and IOP in healthy dogs with 
acutely lowered ICP (via CSF shunting) to explore the rela-
tionship of the pressure conditions in the eye and the three 
different CSF cavities (optic nerve subarachnoid space 
(SAS), ventricle, and lumbar cistern).  
RESULTS 
Average baseline IOP, ICP, Lumbar cistern pressure (LCP), 
and optic nerve SAS pressure (ONSP) was 181.4±11.4, 
105.3±14.1, 87.9±14.3, and 59.3±8.7 mmH2O, respectively 
(Table 1). Thus, ONSP was only about 60% of ICP. The 
IOP was significantly higher than ICP (P<0.001), ICP was 
significantly higher than both LCP (P<0.001) and ONSP 
(P<0.001), and LCP was significantly higher than ONSP 
(P<0.001).  
Figure 2 shows the relationship between ICP and IOP 
and clearly illustrates three definable parameters, the ICP-  
 
 
Figure 1  Diseases associated with intracranial pressure (ICP) and intraocular pressure (IOP). Please note that a low-ICP/low-IOP condition is rare in the 
clinical situation because subjects generally do not complain of symptoms. In patients with high-ICP/low-IOP patients, symptoms of high ICP are reported 
and generally attended to by a neurologist, who typically does not assess IOP. Similarly, in primary open-angle glaucoma (high IOP group), ophthalmolo-
gists focus on the high IOP and dismiss the status of ICP, which is also difficult to measure in the clinic. A micro-gravity situation is rare on Earth and pa-
tients with ocular hypertension, in general, do not complain of visual dysfunction. The other conditions are more common in the clinic and these have been 
sorted based on hypothesis. 
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Table 1  Normal intracranial pressure (ICP), lumbar cistern pressure (LCP), optic nerve subarachnoid space pressure (ONSP), intraocular pressure (IOP), 
optic nerve pressure gradient (ONPG), trans-optic nerve pressure gradient (TOPG), and trans-lamina cribrosa pressure gradient (TLPG) in all study dogs 
(mmH2O). Data are presented as mean±standard deviation 
Animal ICP LCP ONSP IOP 
ONPG TOPG TLPG 
IOP-ICP ONPG-ONSP IOP-ONSP 
1 120.7±5.0 110.0±6.6 70.9±6.3 190.2±1.2 69.5±4.6 −1.5±9.2 119.2±5.4 
2 85.2±1.7 71.3±1.9 45.8±1.9 163.4±5.4 76.1±6.2 30.3±7.3 117.5±6.4 
3 95.2±2.1 76.2±1.6 54.9±2.9 174.7±2.4 79.5±4.0 24.5±6.8 119.7±5.2 
4 108.9±4.0 92.1±4.4 49.3±3.4 185.5±3.9 76.6±6.0 27.2±4.2 136.2±0.6 
5 93.2±2.7 71.4±3.1 63.3±2.5 167.8±3.4 74.6±4.4 11.3±3.0 104.6±1.8 
6 123.0±5.6 93.8±4.6 67.4±1.4 185.6±0.5 62.6±5.4 −4.8±5.9 118.2±1.6 
7 117.2±4.5 102.4±5.9 62.6±2.7 195.6±0.9 78.4±4.9 15.8±2.6 133.0±2.1 
8 99.1±5.5 85.8±4.4 60.6±2.0 188.4±0.7 89.3±5.4 28.7±6.1 127.8±2.5 
Mean 105.3±14.1 87.9±14.3 59.3±8.7 181.4±11.4 75.8±7.7 16.4±13.7 122.0±10.0 




Figure 2  Correlation between intracranial pressure (ICP) and intraocular pressure (IOP). A, ICP-TLPG plot of a single dog subdivided into three parts 
from left to right as a function of decreasing ICP. In the stable zone TLPG remains stable despite increasing ICP. In the instable zone at lower ICP levels the 
TLPG rises. In the transition region, where both zones overlap, there is a “breakpoint” which indicates the critical ICP below which the TLPG starts rising. 
To calculate the true ICP breakpoint value, which could somewhere between 50 to 80 mmH2O, we applied the following methodology: we set an “arbitrary” 
breakpoint value inside the transition zone which best approximates where the TLPG rise begins. Next, we calculate the average and the variability band 
(two standard deviations) of all values to the left of the “arbitrary breakpoint”. The “true breakpoint” is the ICP level below which the TLPG values are first 
found outside the variability band. To obtain a single line plot for this dog, we calculated the difference between the average ICP values in the stable zone 
and the instable zone as a function of the respective ICP level. As can be seen in (B), the line is flat until reaching an ICP of 70.5 mmH2O (the breakpoint) 
and rises as the ICP declines further; it is the point where the TLPG starts to rise. C, Relationship between ICP and IOP in one dog as a function of declining 
ICP. The curve in the “ICP-dependent zone,” where IOP decreases linearly with the ICP (regression equation: y=−0.11x+175.1; r=0.832), and the curve in 
the “ICP-independent zone”, where IOP and ICP are uncoupled (y=−0.003x+180.0; r=−0.016). The breakpoint (B) between the dependent and independent 
zones is at approximately 70 mmH2O. 
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IOP dependent zone, the breakpoint, and the ICP-IOP inde-
pendent zone. In the ICP-IOP dependent zone, IOP and ICP 
decrease together and the trans-lamina cribrosa pressure 
gradient (TLPG) was relatively stable. However, once the 
breakpoint had been reached and IOP and ICP are no longer 
synchronous (ICP-IOP independent zone), the decline in 
TLPG varied with the decline in ICP. For example, in one 
dog (Figure 2C), as long as ICP remained above 70 
mmH2O, IOP dropped synchronously with ICP (regression 
equation: y=−0.11x+175.1, r=0.832). However, below this 
breakpoint of 70 mmH2O, IOP was not affected by further 
ICP decline (y=−0.003x+180.0; r=−0.016). A paired t-test 
revealed that average TLPG in the ICP-IOP dependent zone 
was not statistically different from that measured at baseline 
(P=0.680). Interestingly, the breakpoint had considerable 
variation between dogs, ranging between 56.9% and 80.7% 
of ICP baseline values. The average breakpoint for all dogs 
was found to be approximately 64% (Table 2). Therefore, 
we normalized data used in-group analyses by defining 
baseline ICP of each dog as 100%. The percent change in 
ICP over baseline (ICP%) that occurred during CSF drain-
age was then calculated. The relative percentage change in 
IOP compared to baseline (IOP%) was also calculated using 
the same method, and the ICP-IOP curve was displayed as 
the change of ICP%-IOP%. The two separate regression 
lines were again calculated after data were split at the 
breakpoint (about 64%) between the ICP-IOP dependent 
and ICP-IOP independent zones. When data from all ani-
mals were examined together, the ICP%-IOP% regression 
lines were y=−0.08x+91.60 (r=0.826) in the ICP-IOP de-
pendent zone and y=0.0006x+96.19 (r=0.007) in the 
ICP-IOP independent zone.  
Table 3 shows that the trans-optic nerve pressure gradi-
ent (TOPG) was 16.4±13.7 mmH2O at baseline, 38.8±15.1 
mmH2O in the ICP-IOP dependent zone and 92.8±13.2 
mmH2O in the ICP-IOP independent zone. As shown in 
Figure 3, the optic nerve pressure gradient (ONPG) was 
negatively and linearly correlated with ICP.
Table 2  Trans-lamina cribrosa pressure gradient (TLPG) at baseline and in the zone where intracranial pressure (ICP) and intraocular pressure (IOP) are 









Breakpoint (Percent ICP) 
% 
ICP-IOP independent zone 
(mmH2O) 
1 119.2±5.4 118.7±1.0 70 58.00 130.0±7.9 
2 117.5±6.4 112.9±9.3 65 76.29 137.3±10.0 
3 119.7±5.2 110.9±1.0 55 57.77 127.6±9.7 
4 136.2±0.6 129.7±1.6 66 60.61 130.8±5.8 
5 104.6±1.8 109.5±5.5 56 60.09 115.0±12.9 
6 118.2±1.6 137.3±0.9 70 56.91 139.8±2.0 
7 133.0±2.1 136.7±4.5 80 68.26 155.5±3.7 
8 127.8±2.5 131.2±2.5 80 80.73 147.4±8.3 
Mean 122.0±10.0 123.4±11.7 67.8±9.4 64.83±9.2 135.4±12.5 
a) Statistical significance was examined using paired t-tests. There was no significant difference between the baseline and the ICP-IOP dependent zone 
(P=0.680). However, there was a significant difference between the ICP-IOP independent zone and the baseline (P=0.005). The difference between the 
ICP-IOP independent and ICP-IOP independent zones was also statistically significant (P=0.005). 










Breakpoint (Percent ICP) 
% 
ICP-IOP independent zone 
(mmH2O) 
1 −1.5±9.2 14.4±13.1 70 58.00 95.9±27.5 
2 30.3±7.3 38.5±12.5 65 76.29 84.2±22.0 
3 24.5±6.8 51.2±3.9 55 57.77 82.8±23.1 
4 27.2±4.2 49.5±8.9 66 60.61 112.1±16.9 
5 11.3±3.0 21.5±19.2 56 60.09 73.7±12.6 
6 −4.8±5.9 58.9±4.7 70 56.91 88.3±14.1 
7 15.8±2.6 41.8±13.3 80 68.26 109.3±21.9 
8 28.7±6.1 34.7±11.8 80 80.73 96.3±25.5 
Mean 16.4±13.7 38.8±15.1 67.8±9.4 64.83±9.2 92.8±13.2 
a) Paired t-tests were used to determine statistical significance of differences between the baseline and the ICP-IOP dependent zone (P=0.011). The dif-
ference between the ICP-IOP independent zone and the baseline was also significant (P<0.001). Likewise, the difference between the ICP-IOP dependent 
and independent zones was significant (P<0.001). 
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Figure 3  The relationship between intracranial pressure (ICP) and the optic nerve pressure gradient (ONPG). A, Relationship between ICP and ONPG in 
one dog as a function of declining ICP. The ONPG was negatively and linearly correlated with ICP (regression equation: y=−0.96x+181.8; r=−0.996). B, The 
ICP%-ONSP% curve for all animals combined. Regression lines are shown (y=−1.67x+261.56, r=−0.996). Calculations are described in the methods section 
of the main text. 
DISCUSSION  
By analyzing the correlation between ICP and IOP in eight 
normal dogs, we are the first to identify three different fea-
tures of the ICP-IOP relationship, including an ICP-IOP 
dependent zone, a breakpoint, and an ICP-IOP independent 
zone. This shows that the relationship between ICP and IOP 
is not always the same. Namely, IOP and ICP are coupled in 
the ICP-IOP dependent zone (i.e., changes occur in parallel 
leaving TLPG unchanged). However, there is also an 
ICP-IOP independent zone, which begins when ICP levels 
are at or below a critical breakpoint, in which ICP and IOP 
become uncoupled. In this zone, IOP changes no longer 
parallel ICP changes and a pressure imbalance and subse-
quent rise in TLPG occur. On the other hand, the ONPG 
(i.e., IOP-ICP) linearly increases as ICP decreases, along 
with the TOPG (i.e., ONPG-ONSP). Thus, a relatively high 
IOP coincides with low ICP, meaning that, in this condition, 
IOP would press against the optic nerve head and affects the 
full length of the optic nerve in the optic canal. We propose 
that this imbalanced relationship between ICP and IOP may 
play a role in the development of glaucoma or optic neurop-
athy in patients with a lowered ICP. In other words, when 
ICP is too low, normally benign IOP levels can be harmful 
to the optic nerve. 
Optic nerve anatomy can help explain the pressure dy-
namics that exist between ICP and IOP. The optic nerve 
passes through the intraocular, intra-orbital, and intracranial 
cavities, with each having their own pressure conditions 
(Figure 4).  
A widely accepted possible cause of glaucomatous optic 
neuropathy is an increased TLPG, which causes optic nerve 
head damage. A stable TLPG value that remains within 
normal limits is important and necessary to maintain normal 
optic nerve function. In our dog study, TLPG remained rel-
atively constant in the ICP-IOP dependent zone. This indi-
cates that as long as IOP and ICP decline together, the 
pressure gradient on both sides of the lamina cribrosa re-
main relatively constant. However, when ICP and IOP be-
come uncoupled (i.e., in the ICP-IOP independent zone), the 
pressures become out of balance and TLPG becomes unsta-
ble. As a result, average TLPG increased, unlike in the 
ICP-IOP dependent zone. 
It is somewhat controversial whether or not TLPG 
changes caused by lower ICP have the same effect as IOP 
elevations (i.e., whether or not lamina cribrosa damage is 
the same). Hayreh et al. did not consider that a trans-lamina 
imbalance between IOP and ICP, caused by a lowered ICP, 
could result in glaucomatous optic neuropathy (Hayreh et 
al., 2009). This differs from views of other authors (Jonas et 
al., 2013; Siaudvytyte et al., 2015; Wostyn et al., 2011) who 
support the theory that lower ICP could cause glaucomatous 
optic neuropathy. 
Both the eye-to-nerve contribution and the brain-to-nerve 
influence on optic neuropathy need to be considered to 
properly study these phenomena. As shown in Figure 4, the 
optic disk is not flat. Rather, it concaves towards the optic 
nerve longitudinal center. Therefore, the force generated by 
IOP exerts the greatest pressure on the central section of the 
optic nerve (i.e., the optic nerve center is more affected than 
more peripheral nerve tissue). In the intracranial cavity, the 
optic nerve is surrounded by CSF and is exposed to ICP. 
Thus, the ONPG is equal to IOP-ICP. Zhao et al. found that 
the ONPG plays an important role in optic nerve integrity 
and that increasing the ONPG can cause structural and 
functional damage to the optic nerve (Zhao et al., 2015). In 
our experiments, we observed an inverse relationship be-
tween ONPG and ICP (i.e., a decrease in ICP resulted in an 
increase in the ONPG). Figure 3 shows that the ONPG 
breakpoint is approximately 150%. However, when the ICP 
decreases, ONPG can rise to as high as 300% (i.e., three 
times the baseline value). 
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Figure 4  Pressures around the optic nerve (ON). From the retinal side, the ON head is located in the intraocular cavity and exposed to the intraocular pres-
sure (IOP). In the intracranial cavity, the ON is connected with the optic chiasma and exposed to the intracranial pressure (ICP). Thus, there is a pressure 
gradient across the ON (ON pressure gradient (ONPG)) that can be calculated as IOP-ICP. In the orbital cavity, the ON is surrounded by the optic nerve 
subarachnoid space (SAS) and exposed to the optic nerve subarachnoid space pressure (ONSP). Thus, from the ON center to its periphery, there is a pressure 
gradient called the “trans-ON pressure gradient” (TOPG). Therefore, the ON is exposed to the longitudinal pressure gradient (ONPG) between the eye and 
the brain, and a lateral pressure gradient (TOPG) between the ONPG and ONSP. Therefore, the ON is exposed to a total of three pressure gradients, the two 
horizontal pressure gradients (trans-lamina cribrosa pressure gradient (TLPG) and trans-optic canal pressure gradient (TCPG)) and one lateral pressure gra-
dient (TOPG). These gradients are regulated by the relationship between ICP and IOP, with ONSP mainly influenced by ICP through a functional fluid 
communication between the optic nerve SAS and the intracranial SAS via the optic canal (OC). Other pressures are determined by the correlation between 
ICP and IOP. LC, lamina cribrosa. SC, sclera canal. 
In the orbital part of the optic nerve, the optic nerve 
sheath is rather elastic and can expand when the TOPG in-
creases. In contrast, the optic nerve sheath in the optic canal 
is fixed on the optic canal and cannot expand or shrink. This 
implies that if the TOPG increases from the center to the 
periphery, the fiber bundles of the optic nerve will be com-
pressed. It has been shown that the optic nerve is particu-
larly susceptible to pressure changes and prone to defor-
mation (Crawford Downs et al., 2011; Downs et al., 2008; 
Sigal et al., 2007). Even though these studies focused on the 
lamina cribrosa and the scleral canal, it is reasonable to as-
sume that the optic canal is stiffer than the scleral canal. 
Thus, if the pressure gradient across the optic nerve in-
creases, the optic nerve will be damaged in the optic canal 
because it cannot enlarge or deform to release the increasing 
pressure. As Table 3 shows, the TOPG was 16.4±13.7 
mmH2O at baseline, 38.8±15.1 mmH2O in the ICP-IOP 
dependent zone, and 92.8±13.2 mmH2O in the ICP-IOP 
independent zone. As ICP declines, the TOPG will gradu-
ally rise and push the optic nerve against the optic canal. 
This results in damage to the optic nerve, caused directly by 
the pressure gradient in it from the center to the periphery, 
and compression of the optic nerve SAS between the optic 
nerve and the optic canal. As a result, extra resistance for 
CSF movement from the cranial SAS to the optic nerve 
SAS develops and CSF circulation will be indirectly im-
paired. Thus, if the TOPG rises beyond its critical value, 
CSF flow from the cranial SAS into the optic nerve SAS 
will stop and compartment syndrome will develop, as pro-
posed in our “dead pond theory” (Hou et al., 2016). This 
results in optic nerve damage directly from physical com-
pression and/or indirectly from CSF circulatory disturbance, 
which would cause subsequent malnutrition and poisoning. 
These considerations lead us to wonder how precisely 
ICP and IOP are related. Some investigators have argued 
that IOP is correlated with ICP (Lashutka et al., 2004; Li et 
al., 2012), but others argue that they are unrelated (Czarnik 
et al., 2009; Kirk et al., 2011). Still others have concluded 
that, although there is a correlation between ICP and IOP, 
IOP is a “poor predictor” of ICP (Golan et al., 2013; 
Spentzas et al., 2010; Yavin et al., 2014). Our study answers 
this question and shows that all authors are partially correct. 
Indeed, ICP and IOP are correlated, but only in the ICP-IOP 
dependent zone. However, in the ICP-IOP independent 
zone, ICP and IOP are not correlated. 
The mechanism of ICP-IOP coupling in the ICP-IOP de-
pendent zone is not well understood. Samuels et al. found 
that neurons within the dorsomedial hypothalamus (DMH) 
and surrounding perifornical area (PeF) can influence both 
ICP and IOP (Samuels et al., 2012). They also showed that 
chemical stimulation of these structures can evoke substan-
tial increases in IOP and ICP. Thus, certain brain areas sim-
ultaneously regulate both the ICP and IOP under normal 
conditions to maintain the balance between them. However, 
this regulation may be impaired when the DMH and/or PeF 
malfunction or when other factors dramatically affect ICP 
or IOP and overwhelm the regulatory power of the DMH 
and PeF. When this happens, ICP and IOP may become 
uncoupled and be independently regulated. 
Though absolute IOP and ICP values are relevant, our 
data suggest that relative ICP and IOP changes that occur 
when ICP drops are more important. This is because the 
relative changes determine the different pressure gradients 
on the optic nerve (e.g., TLPG (IOP-ONSP), ONPG (IOP- 
ICP), TOPG (ONPG-ONSP), and TCPG (ICP-ONSP)). 
Thus, the combined influence of all pressures determine the 
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physical pressure in the optic nerve and may inhibit or pre-
vent CSF exchange, as proposed by the “dead pond theory” 
(Hou et al., 2016). When ICP decreases in the ICP-IOP de-
pendent zone, these pressure gradients could be influenced 
by lowering ICP, but the changes may still be in an ac-
ceptable range when ICP and IOP are in balance. However, 
when ICP drops below a critical point, ICP and IOP become 
imbalanced and these pressures will dramatically change. 
When ICP and IOP exceed pathological levels, optic nerve 
structural and functional damage can occur. Our theory is 
compatible with the observations of Zhang et al. who ob-
served that an acute ICP reduction could damage retinal 
ganglion cell axons (Zhang et al., 2015). This damage can 
be visualized using immunohistochemical analyses on ax-
onal motor proteins, including kinesin HC and dynein IC. 
Future studies are needed to determine if and how possi-
ble breakpoint elevation may be involved in glaucoma or 
optic neuropathy and how this parameter may contribute to 
optic nerve damage. It seems clear that a proper balance 
between ICP and IOP plays a critical role in determining 
pressures in the optic nerve chamber. Additionally, an im-
balance may explain the development of some ophthalmo-
logical diseases, including glaucoma and optic neuropathy.   
MATERIALS AND METHODS  
Animal preparation 
Eight mixed-breed beagles were studied in accordance with 
the Association for Research in Vision and Ophthalmology 
(ARVO) Statement for the Use of Animals in Ophthalmic 
and Vision Research. All applicable institutional and/or 
national guidelines for the care and use of animals were 
followed. Before implanting pressure probes, dogs were 
anesthetized with an intramuscular injection of ketamine 
HCl (20 mg kg−1) and midazolam (0.2 mg kg−1). Additional 
ketamine (10 mg kg−1) injections were administered as 
needed during examinations and surgery. 
Pressure transducers and probes 
Pressures in the four examined cavities were simultaneously 
measured using hydraulic pressure transducers that had 
been custom made for our laboratory by the Biological 
Mechanics Laboratory at Beijing University of Aeronautics 
& Astronautics. A single transducer was implanted into the 
left ventricle, optic nerve SAS of the left eye, lumbar cis-
tern, and anterior chamber of the left eye. The devices con-
sisted of a computer, an amplifying device, pressure sen-
sors, and probes. The absolute pressure measurement error 
for each transducer was ±1.0 mmH2O. Each manometer was 
connected to a pressure sensor via a three-way union and 
connected with the amplifier device. Pressure signals were 
converted into electrical signals and recorded in real-time so 
that ICP, LCP, ONSP, and IOP could all be recorded simul-
taneously. All tubing was filled with normal saline (NS) and 
any air in the tubes was removed. The three-way union 
made it possible to wash the device, which was linked with 
the pressure measurement system. This set-up allowed us to 
flush the system without removing the probe so that any 
tissue that had plugged the front-end of the needle during 
insertion could be removed. 
Implanting pressure transducers  
Probes were implanted after dogs were properly anaesthe-
tized (see above) and suspended in the prone position. The 
front legs hung down through a fenestrated sheet, but the 
rest of the body was supported by a sling. The head position 
was fixed with a maxilla bite clamp that was connected to 
the operating table. A skin incision was made over the 4th 
lumbar vertebra and a laminotomy was performed using 
blunt dissection to cannulate the lumbar cistern. Electro-
coagulation and electrotomy were used to avoid excessive 
bleeding and vertebral bone was removed to access the dura 
mater. A catheter connected to a pressure sensor was then 
implanted into the lumbar cistern. 
The IOP was measured with a 25-gauge cannula con-
nected to a pressure transducer. The cannula was inserted 
into the anterior chamber approximately 2 mm temporal to 
the limbus and was positioned close to the center of the pu-
pil. 
The ICP was measured through a burr hole on one side 
that was drilled 1 cm lateral to the sagittal midline, halfway 
between the occipital prominence and a line between both 
lateral canthi. The dura was then incised and the lateral ven-
tricle was punctured using a Frazier’s ventricular needle. 
Next, a catheter was inserted into the frontal horn of the 
lateral ventricle on the other side. The left catheter was 
connected to a pressure sensor and the right catheter served 
to automatically subtract out pressure changes resulting 
from possible CSF volume alterations. 
Lastly, a lateral orbitotomy was performed to expose the 
left retrobulbar optic nerve sheath. Extreme care was taken 
when puncturing the optic nerve sheath with a sharp 
28-guage needle to gain access to the optic nerve SAS. Ac-
curate puncture was performed by first connecting the 
pressure transducer so that the zero-pressure-baseline could 
be measured. We then slowly punctured the optic nerve 
sheath while simultaneously monitoring pressure. As the 
needle punctured the dura, a successful probe entry was 
clearly indicated by a sharp real-time pressure rise. Pressure 
was then monitored for at least 5 min to assure that CSF 
baseline pressure was stable. The needle and pressure probe 
were secured into place using a biological glue (ECglue, 
Guangzhou Baiyun Medical Glue Company, China), which 
was also used to close the puncture site to prevent CSF 
leakage. 
Data processing 
Calculations of pressures were performed with MATLAB 
(MathWorks Inc., USA). To avoid interpretation errors, all 
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pressure recordings were manually inspected for any unu-
sual artifacts and/or fluctuations. For each 1.0 s period, 
pressures were calculated as the mean of unfiltered pres-
sure; using 10th order Butterworth zero phase filters we re-
moved slow respirator waves (high pass cut-off frequency 
0.5 Hz). 
Pressures were calculated by first measuring the distanc-
es between puncture points and the operating table. Probes 
were then connected to the pressure monitoring system so 
that the hydrostatic zero-pressure-baseline could be deter-
mined. Pressure probes for each puncture point were then 
placed to collect baseline values for ICP, LCP, ONSP, and 
IOP. Each pressure was recorded for at least 5 min. Pressure 
values were determined by subtracting the starting point 
(zero-pressure-baseline) values from real-time values. All 
pressure probes were continuously monitored during the 5 
min baseline and 3–5 min shunting event recordings. To 
achieve a reliable and stable pulsatility curve, ICP values 
were divided into 10 mmH2O intervals. Intervals with fewer 
than three values were discarded to minimize the influence 
of noise. The median was used to reduce the influence of 
single outlier values. 
The relative pressure coefficient was calculated as the 
slope of a linear regression of ICP, LCP, ONSP, and IOP. 
The TLPG was essentially constant when ICP and IOP were 
synchronized (see Results) and was used to determine the 
“breakpoint” (Figure 2A and B). This was defined as the 
value at which the transition between the “ICP-IOP de-
pendent zone” (ICP and IOP values dropped in parallel) and 
the “ICP-IOP independent zone” (IOP decrease no longer 
accompanied by an ICP decrease) occurred. 
Statistics 
Mean IOP, ICP, LCP, and ONSP values were compared 
using paired t-tests. All statistical analyses were conducted 
using Origin Statistics (V.9.1; OriginLab Corporation, 
USA). Statistical significance was defined as P<0.05. 
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